Resetting the circadian clock leads to well being and increased life span, whereas clock disruption is associated with aging and morbidity. Increased longevity and improved health can be achieved by different feeding regimens that reset circadian rhythms and may lead to better synchrony in metabolism and physiology. This review focuses on recent findings concerning the relationships between circadian rhythms, aging attenuation, and life-span extension in mammals.
Organisms on Earth evolved to predict the daynight cycle by developing an endogenous circadian clock entrained, or synchronized, by light (139) . Clock entrainment imparts a survival advantage as physiological processes are performed at the appropriate time of day to find food or mating partners and to avoid predators (139, 147, 159) . The clock core machinery is self-sustained, but in the absence of light, the endogenous clock free-runs, generating cycles of ϳ24 h. Thus the endogenous period of the clock mechansim is ϳ24 h (circadian, circa ϭ about dies ϭ day), whereas light is needed to entrain the clock to exactly 24 h.
The circadian clock controls a wide array of physiological and behavioral systems, including energy metabolism, gastrointestinal tract motility, sleep-wake cycles, cardiovascular activity, endocrine secretion, body temperature, renal activity, and locomotor activity (139, 147) . This control is emphasized by timed manifestations of certain pathologies, such as hypertensive crises, myocardial infarction, and asthma and allergy attacks (21, 111, 166) . Disruption of the coordination between the endogenous clock and the environment leads to symptoms of fatigue, disorientation, and insomnia as seen in jet-lagged travelers or altered hormone profiles and high morbidity as seen in shift workers (40, 66, 79) . Moreover, disruption of circadian rhythms can seriously impact overall health and increase cancer proneness (5, 40, 51, 62, 85, 127, 140, 147) . In an extended study, triple knockout mice lacking three clock-controlled proline-and acidic amino acid-rich basic leucine zipper (PAR bZip) transcription factors DBP (albumin D-site binding protein), HLF (hepatic leukemia factor), and TEF (thyrotroph embryonic factor) revealed the importance of these proteins in the expression regulation of enzymes involved in detoxification and drug metabolism (64). The simultaneous loss of Dbp, Hlf, and Tef also led to cardiac hypertrophy and epilepsy and severely shortened the life span of these animals (63, 181). In another example, disrupted circadian rhythms by continuous reversal of the light/dark cycle resulted in decreased survival time of cardiomyopathic hamsters (140) . Moreover, phase-shifts of the light/dark cycle induced significant mortality in aged animals (38). In contrast, aged animals given fetal suprachiasmatic implants lived longer as higher amplitude rhythms were restored (82, 83, 105) . Thus circadian disruption is associated with increased morbidity and mortality, whereas robust and reset circadian rhythms could lead to better health and increased longevity.
The Location of the Mammalian Circadian Clock
In mammals, the central circadian clock is a cellular mechanism found in the hypothalamic suprachiasmatic nuclei (SCN). Photic information is perceived by the retina and transmitted to the SCN via the retinohypothalamic tract (RHT) (FIGURE 1). Synchronization of SCN cells leads to coordinated circadian outputs that regulate peripheral rhythms (77, 107, 146, 185) . Clocks, similar to those found in SCN cells, are found in many peripheral tissues, such as the liver, intestine, heart, adipose tissue, retina, and in various brain regions (56, 102, 147, 197) (FIGURE 1). The fraction of cyclically expressed transcripts in each peripheral tissue ranges between 5 and 20% of the transcriptome, and the vast majority of these genes are tissue-specific (3, 46, 89, 92, 121, 138, 145, 170, 197, 200) , emphasizing the circadian control over the function of peripheral tissues. The SCN clock regulates peripheral rhythms by neuronal connections and secretion of humoral factors (31, 94, 95) , or indirectly by driving rhythmic feeding, locomotor activity, and/or body temperature, which, in turn, coordinate rhythmic gene expression. Thus, for a peripheral tissue such as the liver, signals from both the SCN clock or the local endogenous clock may control rhythmic gene expression (12, 58, 93).
The Molecular Clock in Mammals
The molecular clock in SCN neurons and peripheral cells is an intracellular mechanism composed of transcription-translation feedback loops (159) (FIGURE 2). The first clock gene identified encodes the transcription factor CLOCK (circadian locomotor output cycles Kaput) (178) , which dimerizes with BMAL1 (brain and muscle ARNT-like protein 1). The heterodimer CLOCK:BMAL1 activates transcription by binding to E-box (5=-CACGTG-3=) and E-box-like promoter sequences (147) . BMAL1 can also dimerize with other CLOCK homologs, such as neuronal PAS (PER, ARNT, SIM) domain protein 2 (NPAS2), to activate transcription and sustain rhythmicity (11, 42). Among the regulatory targets of CLOCK:BMAL1 are the Period (Per1, Per2, and Per3) and Cryptochrome (Cry1 and Cry2) genes (FIGURE 2). Oligomerization and nuclear translocation of PERs:CRYs leads to the inhibition of CLOCK:BMAL1-mediated transcription (55, 147). All the aforementioned clock genes exhibit 24-h oscillation in SCN cells and peripheral tissues, except for Clock, which has been shown not to oscillate in the SCN (48). Recent studies have demonstrated that CLOCK has intrinsic histone acetyltransferase activity. In addition, cyclic histone acetylation and methylation have been observed on the promoters of several clock genes, suggesting that rhythmic activation of chromatin remodeling may underlie the clock transcriptional network (50, 114, 129, 131, 149) . Several other transcription-translation loops appear to be important to sustain clock function. For example, Bmal1 expression is negatively regulated by the transcription factor reverse erythroblastosis virus ␣ (REV-ERB␣) (143) , but positively regulated by retinoic acid receptor-related orphan receptor ␣ (ROR␣) and ROR␥ (157) via ROR response elements (RORE) (173) (FIGURE 2).
Age-Related Alterations in Circadian Function
In mammals, the aging process leads to major alterations in output rhythms of the circadian clock. These changes include a shift in the phase and decrease in amplitude (66, 79, 158, 191) . In rodents, age-related changes in circadian rhythms were reported for body temperature, activity-wakefulness, locomotor activity patterns, and drinking behavior (175, 183, 186) . In humans, aging is associated with a phase advance in melatonin secretion and body temperature rhythms. Indeed, unlike young human subjects, older individuals typically show earlier habitual time of sleeping and waking alongside disturbed sleep (47, 196) .
The mechanisms leading to the aging-related alterations are largely unknown, but they are
FIGURE 1. Resetting signals for central and peripheral clocks
The SCN dictates rhythms in peripheral tissues and physiological activities, such as locomotor activity, sleep-wake cycle, blood pressure, and heart rate. Light, food, and feeding regimens affect either the central clock in the SCN or the peripheral clocks.
paralleled by changes in the neurochemical and electrophysiological output of the SCN with no change in cell number or size (108) . For example, SCN shows alterations in the expression of vasoactive intestinal polypeptide (VIP) (86, 88), arginine vasopressin (AVP) (151) , and transforming growth factor beta (TGF-␤) (15) as well as a reduction in the amplitude of rhythmic electrical activity (13, 16, 132, 156, 182) . Thus age-related changes in the SCN could contribute to agerelated circadian dysfunction.
Altered SCN functionality affects its ability to reset peripheral oscillators. A 6-h advance or delay in the light schedule led to a disrupted resynchronization of the liver of 2-yr-old Per1-driven luciferase (Per1::luc) rats compared with young rats (39). Two-year-old Per1::luc rats also showed advanced Per1 rhythms or altogether loss of Per1 rhythmicity in peripheral tissues (191) . However, the most compelling evidence that SCN function plays a crucial role in aging and longevity comes from transplantation experiments. Transplantation of a FIGURE 2. The core mechanism of the mammalian circadian clock
The cellular oscillator is composed of a positive limb (CLOCK and BMAL1) and a negative limb (CRYs and PERs). CLOCK and BMAL1 dimerize in the cytoplasm and translocate to the nucleus. The CLOCK:BMAL1 heterodimer then binds to enhancer E-box sequences located in the promoter region of Per and Cry genes to activate their transcription. PER and CRY proteins undergo nuclear translocation and inhibit CLOCK:BMAL1, resulting in decreased transcription of their own genes. CLOCK:BMAL1 heterodimer also induces the transcription of Rev-erbs and Rors. RORs and REVERBs regulate Bmal1 expression. RORs stimulate but REV-ERBs inhibit Bmal1 transcription, acting through ROR elements (RORE).
fetal SCN into aged animals restored diurnal rhythm of corticotropin-releasing hormone (CRH) and locomotor activity (22, 104) . In addition, life span was extended in aged animals given fetal suprachiasmatic implants that restored higher amplitude rhythms (82, 83, 105).
SCN Entrainment, Circadian Period, and Life Span
Although aged mice do not exhibit gross morphological abnormalities (135) or alteration of retinal innervation of the SCN (198) , they are ϳ20 times less sensitive to the entraining effects of light compared with young animals (198) . Therefore, research has focused on the SCN as the site of entrainment alterations. In aged animals, following an entraining light stimulus, Per1 expression, which is rapidly induced by light and is required for entrainment (180) , is markedly reduced with a significantly longer delay to resynchronization (90). In addition, the expression of Per2 is impaired in the suprachiasmatic nuclei of aging mice (184) . Indeed, disruption of the Pers in young animals leads to aging-like declines in sensitivity to light (9, 184). In addition, aged rodents exhibit reduced SCN responsiveness to melatonin (179) , changes in serotonin input to the SCN (84), and decline of the SCN presynaptic GABAergic terminals (137) . In addition, glutamate, N-methyl-D-aspartic acid (NMDA), and histamine, neurochemicals that phase shift the SCN in a pattern similar to light, as well as serotonin and GABA agonists, neurochemicals that phase shift the SCN in a pattern similar to behavioural stimuli, showed reduced activity on SCN slices (16). These findings suggest that disruption of circadian rhythms with advancing age may result, in part, from reductions in the sensitivity of the SCN to entrainment signals. Future studies are necessary to decipher the mechanisms leading to declined SCN sensitivity to entrainment stimuli.
In the absence of entrainment signals, e.g., under total darkness (DD), the circadian clock freeruns generating in most organisms endogenous periodicity shorter or longer than 24 h (147) . Some rodents, such as hamsters, rats, and deer-mice, show a shortening of their endogenous period, tau, with age (141, 176) , whereas some mouse strains show lengthening of the period (72, 119, 120, 142) . A positive link between tau close to 24 h and survival has been previously suggested (82, 190) . According to this hypothesis, tau longer or shorter than 24 h necessitates a daily synchronization to external time cues (i.e., light/dark cycles) with a physiological cost proportional to the deviation that might affect survival. Indeed, it was shown that longevity was diminished in golden hamsters carrying a 20 h-period mutation tau, raised in 24-h light-dark cycles (82). Thus the role of tau and its contribution to the aging process merits further research. It would be extremely informative to measure life span of natural variants in isogenic mouse lines that show 24-h perdiodicity compared with those showing shorter endogenous periods.
Clock Genes and Aging
Clock mRNA expression is reduced in the SCN and non-SCN brain areas of aged animals (90, 189). Clock ⌬19 mice, which have a truncated CLOCK protein and are arrhythmic in constant conditions, do not exhibit altered aging process (90). Indeed, Clock ⌬19 mutant mice do not show higher predisposition to neoplasia. However, when challenged with ionizing irradiation, Clock ⌬19 mutant mice showed accelerated aging (8). Moreover, deficiency of the CLOCK protein significantly affects longevity, as the average life span of Clock Ϫ/Ϫ mice was reduced by 15% compared with wild-type mice, whereas maximum life span was reduced by Ͼ20%. CLOCK deficiency also resulted in the development of two age-specific pathologies, cataracts and dermatitis, at a much higher rate than in wild-type mice (45).
Similarly to Clock, compared with young animals, the amplitude of Bmal1 mRNA expression is reduced in aged hamsters, with lower expression during the subjective night, when Bmal1 expression is normally at its peak (90). Mice deficient of BMAL1 protein have a reduced life span and develop a number of age-related pathologies, including reduced muscle mass associated with a decrease in the number of muscle fibers and their diameter (sarcopenia), osteoporosis (reduction of bone mass and composition), cataracts and organ shrinkage, reduction of visceral and subcutaneous adipose tissues, decreased hair growth, chronic cornea inflammation, and changes in blood cell composition, significantly earlier than their wildtype controls (91) . This wide array of age-related pathologies indicates that some circadian proteins are important for physiological processes that are not directly linked to circadian function. The average life span of Bmal1-deficient mice is 37.0 Ϯ 12.1 wk (91), whereas the average life span of mice of the same background is Ͼ120 wk (128) . Since BMAL1 has been shown to be important in the control of glucose and fat metabolism and homeostasis (153, 163) , and to modulate response to genotoxic stress (53), disruptions of all these activities in Bmal1-deficient animals could contribute to the observed progeria-like phenotype. Thus BMAL1 is important for the maintaining of tissue homeostasis, and deficiency of BMAL1 results in early aging. The exact molecular functions of BMAL1 merit further investigation.
Per1,2 Ϫ/Ϫ mice are morphologically indistinguishable from wild-type animals at birth, but as early as 12-14 mo of age they start to develop features of premature aging, such as a faster decline in fertility, loss of soft tissues, and kyphosis (103) . Per2 knockout mice were also more sensitive to irradiation, and most of the irradiated mutants developed malignant lymphomas (62). Since BMAL1 and CLOCK regulate PER protein expression and PERs are involved in BMAL1 expression, the results seen with Per knockout mice could stem from reduced levels of BMAL1.
In contrast to the above-mentioned clock genes, Cry1,2 deletion protected p53-null mice from the early onset of cancer and extended their median life span by ϳ50%, in part by sensitizing p53-deficient cells to apoptosis in response to genotoxic stress (136) . This finding as well as the the different aging phenotypes of Per1,2 Ϫ/Ϫ -, Bmal1-, and
Clock-null mice may put the general circadian dysfunction as the cause for the aged phenotypes into question. Thus these findings reiterate the importance of studying the role of clock proteins in the aging process.
The Circadian Clock and Metabolism
The circadian clock in mammals regulates metabolism by mediating the expression and/or activity of certain metabolic enzymes, hormones, and transport systems (54). A large number of nuclear receptors involved in lipid and glucose metabolism has been found to exhibit circadian expression (192) . The rhythmic expression and activity of the metabolic pathways is mainly attributed to the robust and coordinated expression of clock genes in the liver and adipose tissue (102, 200) . In addition, the core clock mechanism is linked to metabolic pathways: 1) REV-ERB␣, which is induced during normal adipogenesis (30), is the negative regulator of Bmal1 expression (143) (70, 195, 199) , and these hormones have been shown to affect SCN function (144, (193) (194) (195) (153) . Liver-specific deletion of Bmal1 showed a direct effect of the liver clock on glucose metabolism, as exhibited by hypoglycemia during fasting, exaggerated glucose clearance, and loss of rhythmic expression of hepatic glucose regulatory genes (98) . These results demonstrate the importance of clock genes and the circadian clock in control of energy homeostasis. Nevertheless, the exact role of each clock protein in energy homeostasis should be further investigated.
One of the most robust phenotypes associated with aging is a change in energy utilization. Increases in body fat mass and increased insulin resistance are associated with aging. The nocturnal rise in circulating leptin levels of younger animals is attenuated in older animals, including primates (44). The phases and amplitudes of rhythms of hormones associated with metabolic function, such as insulin, corticosterone, and prolactin, are disrupted in obese aged rodents. Interestingly, administration of these hormones at specific times of day mimicking the rhythms of the younger phenotype leads to metabolic characteristics of younger animals (32). Future studies are needed to fully decipher the role of timed hormonal secretion on resetting rhythms in aged populations.
Corticosterone secretion, a resetting hormone for the circadian clock (14), is altered with advancing age due to disruption of the diurnal rhythm of its hypothalamic-releasing peptide [corticotropin releasing hormone (CRH)] (23). Interestingly, fetal SCN grafts implanted into the brains of middleaged rats restored the diurnal rhythm of CRH (22). Indeed, the SCN innervates pre-autonomic nervous system neurons in the paraventricular nucleus of the hypothalamus (PVN), the site of CRH secretion (20). Studies have shown that many interneurons, which project from the SCN to the PVN, contain ␥-aminobutyric acid (GABA) as neurotransmitter and inhibit the PVN (150, 161) . Thus the SCN can control energy homeostasis by providing its output to pre-autonomic neurons in the hypothalamus, which are connected to the parasympathetic and sympathetic systems (19). Thus, in aged animals, when the SCN is not entrained properly, it affects its output and alters metabolic and endocrine circadian rhythms in the periphery.
Feeding Regimens, Circadian Rhythms, and Aging Some feeding regimens affect circadian rhythms as well as the aging process and even life span (FIGURE 3).
Restricted Feeding
Under restricted feeding (RF), food is available ad libitum at the same time every day for only a few hours (27, 78, 159). Animals adjust to the feeding schedule within a few days and consume all or most of their daily food intake during that limited time (58, 69, 80). Generally, RF affects circadian rhythms in peripheral tissues without affecting the  SCN pacemaker (27, 35, 74, 78, 133, 159, 169 
Although RF has not been thoroughly studied for its effect on aging and longevity, recent works suggest that RF affects the aging process. The survival of Glasgow osteosarcoma-inoculated mice was prolonged under RF during the light period compared with those under the dark period or those fed ad libitum (188) . In addition, RF of 4 mo reduced the daily levels of inflammatory and disease markers (162) . Since aging is typified by increased inflammation and proneness to cancer, these results suggest that RF may attenuate aging. The robust and reset circadian rhythms caused by RF may compensate for the circadian disruption seen in cancer patients or the elderly. Indeed, old people receive light therapy with the purpose of resetting their disrupted circadian clock (65). However, it still remains to be determined whether RF can extend life span.
Calorie Restriction
Calorie restriction (CR) limits the amount of daily calorie intake to 60 -70% of ad libitum feeding. In mammals, CR prevents or delays the onset of age-related diseases, such as cancer, diabetes, kidney disease, and cataracts (112, 152) . In humans, long-termed CR results in sustained beneficial effects on major risk factors for atherosclerosis, Type 2 diabetes, and inflammation (52). CR extends the life span of diverse species, such as C. elegans, Drososphila, rodents, and monkeys (33, 110, 112, 165) . Although several theories try to explain how CR modulates aging and longevity, the exact mechanism is still unclear (113) . CR is suggested to increase the resistance to oxidative stress, attenuating the continuous accumulation of oxidative damage in macromolecules, thereby attenuating aging and increasing life span (75, 164).
CR-fed animals resemble RF-treated animals, as they usually consume all or most of their food within a short period of time. Thus, due to the temporal component of food intake, CR synchronizes peripheral clocks (FIGURE 3) and influences clock-controlled output systems (61). CR also entrains the clock in the SCN (FIGURE 3) , as observed by changes in SCN clock gene expression and effect on photic responses of the circadian system (28, 29, 123, 148) . The reduction/oxidation (redox) state, which has been suggested to be affected by CR, modulates dimerization of the two clock proteins CLOCK and BMAL1 in vitro (155) . In addition, SIRT1, which has been linked to life span and suggested to mediate CR-induced effects (25, 71, 73), exhibits circadian oscillation and takes part in the clock mechanism (10, 130). Collectively, these findings suggest that synchronization of peripheral oscillators during CR could be achieved directly due to the temporal feeding, similar to RF, or by synchronizing the SCN, which, in turn, entrains peripheral tissues (57, 60). Peripheral and/or central clock resetting during CR may lead to the synchronization of a variety of hormonal, biochemical, and physiological functions leading to aging attenuation and life span extension (61). To differentiate between the CR effect on peripheral vs. central clock resetting, animals with lesioned SCN raised in a constant environment should be used.
Intermittent Fasting
Under intermittent fasting (IF), food is available ad libitum for 24 h every other day. IF-treated mice eat on the day they have access to food approximately twice as much as those having continuous access to food (7, 43, 59). IF-fed animals exhibit improved glucose metabolism, cardio-protection, and neuro-protection (2, 7, 34, 109, 115, 160), and increased resistance to cancer (43, 118). In addition, animals on IF have increased life span compared with ad libitum-fed controls (67, 118). IF may also decrease the risk for cardiovascular diseases in humans (177) . The IF-induced beneficial effects are thought to occur independently of the overall caloric intake, but the underlying mechanisms are still unknown. One suggested mechanism is stimulation of cellular stress pathways induced by the IF regimen (7, 116, 117) . Interestingly, under an IF protocol, when food was introduced during the light period, mice exhibited almost arrhythmicity in clock gene expression in the liver. Unlike daytime feeding, nighttime feeding yielded rhythms similar to those generated during ad libitum feeding (59) (FIGURE 3). It is not yet known whether IF affects the SCN clock. The exact mechanisms governing the effect of IF on circadian rhythms and longevity merit future research.
Concluding Remarks
Mammals have developed an endogenous circadian clock located in the SCN, a specific brain region that responds to the environmental lightdark cycle. The SCN clock dictates overt rhythms in peripheral tissues. Recent studies suggest that disruption of circadian rhythms in the SCN and peripheral tissues leads to obesity, cancer, and reduced life expectancy, whereas appropriate resetting of circadian rhythms leads to well being and increased longevity. In addition, circadian rhythms change with normal aging, including a shift in the phase and decrease in amplitude. These changes are a result of blunted SCN entrainment and/or reduced SCN output. Feeding regimens FIGURE 3. A schematic model describing the effect of feeding regimens on longevity through peripheral and SCN clock resetting CR resets circadian rhythms in the periphery and the SCN and extends life span. IF resets circadian rhythms in the periphery and extends life span. The effect of IF on the SCN is not known. RF resets circadian rhythms in the periphery, but its effect on life span is not known. The synchronized, robust circadian rhythms could be the mediator through which these feeding regimens lead to aging attenuation and/or life-span extension. Dotted lines represent unknown effects, whereas solid lines represent a known effect with either a known or an unknown mechanism. 
